CFS (chronic fatigue syndrome) is commonly co-morbid with POTS (postural tachycardia syndrome). Individuals with CFS/POTS experience unrelenting fatigue, tachycardia during orthostatic stress and ill-defined neurocognitive impairment, often described as 'mental fog'. We hypothesized that orthostatic stress causes neurocognitive impairment in CFS/POTS related to decreased CBFV (cerebral blood flow velocity). A total of 16 CFS/POTS and 20 control subjects underwent graded tilt table testing (at 0, 15, 30, 45, 60 and 75 • ) with continuous cardiovascular, cerebrovascular, and respiratory monitoring and neurocognitive testing using an n-back task at each angle. The n-back task tests working memory, concentration, attention and information processing. The n-back task imposes increasing cognitive challenge with escalating (0-, 1-, 2-, 3-and 4-back) difficulty levels. Subject dropout due to orthostatic presyncope at each angle was similar between groups. There were no n-back accuracy or RT (reaction time) differences between groups while supine. CFS/POTS subjects responded less correctly during the n-back task test and had greater nRT (normalized RT) at 45, 60 and 75
INTRODUCTION
CFS (chronic fatigue syndrome) is a clinical disorder of long-lasting self-reported fatigue that cannot be explained by any medical cause. Commonly, it has an insidious onset and the fatigue is not relieved by rest. As defined by the CDC (Center for Disease Control and Prevention) in 1994, the fatigue must last at least 6 months, cause substantial disability in a person's life and be associated with at least four of the following symptoms: shortterm memory or concentration impairment, pharyngitis, cervical or axillary lympadenopathy, muscle pain, joint pain without swelling or inflammation, headache, unrefreshing sleeping or post-exertional malaise [1] . CFS is severely disabling and limits an individual's ability to attend school, work or social functions [2, 3] .
Additionally, CFS is frequently associated with autonomic nervous system dysfunction, in particular orthostatic intolerance in the form of POTS (postural tachycardia syndrome) [4, 5] . POTS is defined as an increase in HR (heart rate) of more than 30 beats/min upon standing upright or a maximum HR of at least 120 beats/min, with associated signs and symptoms such as fatigue, nausea, headache, visual disturbances, tremulousness, diaphoresis, hypocapnia and/or peripheral venous pooling [6, 7] . POTS is more common in the adolescent or young adult subgroup of CFS patients, but it may also affect older adults [8, 9] . The symptoms of POTS are disabling and interfere with daily activities such as housekeeping, grocery shopping, showering and food preparation [7] . In both CFS and POTS, females are more predominately affected [2, 7] . Furthermore, both CFS and POTS are associated with neurocognitive impairment [5, 10] . Both syndromes share similar morbidities and frequently occur together with overlapping symptoms; thus for the purpose of this study, we have selected patients with both CFS and POTS.
Neurocognitive impairment in CFS/POTS is often subjectively described as 'mental fog' or 'cloudiness' by patients. Specific areas of impairment include concentration and memory [11] . Work by DeLuca et al. [12, 13] showed that CFS patients have impaired working memory, concentration and difficulty processing complex information, as well as impaired speed and efficiency in information processing. Joyce et al. [14] showed that CFS patients have an inability to plan and order responses due to impairments in attention and working memory. Similarly, Dobbs et al. [15] reported working memory deficits in CFS patients during demanding tasks that required attention and switching between mental processing routines. Furthermore, cognitive deficits in memory recall, working memory and concentration are more severe in CFS patients who do not have psychiatric co-morbidity [13] . Patients with POTS also report cognitive impairment, especially during orthostatic stress [10] . Overall, neurocognitive impairments may be the most debilitating aspects of CFS/POTS [2, 3, 16, 17] .
A physiological cause for neurocognitive impairment in CFS/POTS has not been elucidated. One idea is that impaired cerebral perfusion, especially during orthostatic stress, may play a role in CFS/POTS dysfunction, but this has been controversial. Recently, our laboratory studied a subset of subjects with POTS who follow being placed upright during tilt-table testing were normocapnic, but had decreased cerebral blood flow, which may have been related to impaired cerebral autoregulation [18] . Similarly, Low et al. [19] found decreased cerebrovascular regulation in POTS. Yet, Schondorf et al. [20] found that cerebral autoregulation was preserved in POTS subjects during orthostatic challenge.
Early studies using SPECT (single-photon emission computed tomography) scanning found regional deficits of perfusion in the cerebral hemispheres and brain stem of CFS subjects [21] [22] [23] . More recently, the use of other techniques such as near-IR spectroscopy [24] , xenon gas diffusion CT (computerized tomography) [25] and magnetic resonance arterial spin labelling [26] have found deficits in CFS cerebral blood flow and perfusion. However, work by Fischler et al. [27] and MacHale et al. [28] could not confirm any deficits in CFS cerebral perfusion. Additionally, a study by Rowe and co-workers [29] using transcranial Doppler sonography did not find any differences in CBFV (cerebral blood flow velocity) between CFS and control subjects during upright tilt. The results of these measurements of cerebral perfusion in CFS/POTS are controversial, and these differences may be methodological.
Since CFS patients commonly have POTS, and both syndromes have overlapping symptoms, neurocognitive impairment in both may be a consequence of orthostatic intolerance. We hypothesized that orthostatic stress is the cause of neurocognitive impairment in subjects with CFS/POTS. We tested neurocognition during a graded head-up tilt table test using an n-back task. The n-back task is a test of working memory, concentration, attention and information processing, and produces progressively increasing levels of cognitive challenge [30] [31] [32] . We also hypothesized that decreased cerebral blood flow induced by orthostatic stress may underlie the neurocognitive impairment.
MATERIALS AND METHODS

Subjects
A total of 16 subjects diagnosed previously with CFS using the 1994 CDC criteria [1] were enrolled in the present study. In addition, all CFS subjects had additionally been diagnosed as having co-morbid POTS during a preliminary 70
• head-up tilt table test on a separate day. At total of 20 volunteer control subjects, who had no history of illness or orthostatic intolerance, were also enrolled. The age range for all subjects was 15-29 years. Subjects were recruited according to gender so that approximately two-thirds were female in accordance with the female predominance of CFS/POTS.
Prior to inclusion in the study, all CFS/POTS subjects were evaluated by their primary care physician or cardiologist and had a normal physical examination, ECG and echocardiograph. CFS/POTS subjects were free from all systemic illnesses and psychiatric disorders. If any CFS/POTS subjects were on medication, it was discontinued for at least 2 weeks prior to their study date.
Control subjects were recruited using internet and email advertisements, word of mouth and through a healthy volunteer database. Healthy controls had a normal physical examination, normal ECG, normal cardiovascular health and were free from all systemic or psychiatric illnesses, and from orthostatic intolerance. Use of medication was exclusionary for control subjects. If medication had been used, it was discontinued at least 2 weeks prior to their study date.
Prior to acceptance into the study, all subjects filled out a screening questionnaire concerning orthostatic intolerance, review of systems, and cognitive, physical and social functioning. Perfect vision or vision corrected by glasses or contacts and intact depth perception were necessary to complete the protocol, and uncorrected vision or depth perception disabilities were exclusionary.
The research was conducted in accordance with the Declaration of Helsinki of the World Medical Association. This study was approved by the Institutional Review Board of New York Medical College. All subjects 18 years and older signed informed consent prior to participation in the study. Subjects less than 18 years of age gave informed assent and their legal guardians signed informed consent.
Survey and written assessments
Prior to the start of the study all subjects filled out the Edinburgh Handedness Inventory [33] to determine their dominant hand, which was used for responding during the n-back task. In addition, all subjects completed the WTAR (Wechsler Test of Adult Reading) [http://www.pearsonassessments.com/HAIWEB/ Cultures/en-us/Productdetail.htm?;Pid=015-8990-145]. This assessed baseline reading ability, intelligence and memory, and estimated any cognitive deficits prior to initiation of the study. Cognitive deficits were exclusionary for participation.
Instrumentation
Subjects were instrumented to monitor their cardiorespiratory parameters during tilt- 
n-back task general description and parameters
The parametric n-back task challenges working memory, attention, concentration and information processing [30, 32, 35, 36] . The 'n' refers to a number that indicates increasing difficulty. We used 0-, 1-, 2-, 3-and 4-back levels as progressively increasing mental challenges. At each n-back level of testing, a sequence of alphabetical characters is displayed on a screen and the subject is asked to respond based on the following. During the 0-back level, the subject responds by activating a recording device when a particular character is displayed. We used the letter 'O' as the response character. During the 1-back level, the subject responds if the current character displayed on the screen is the same as that previously displayed '1' character back. During the 2-back level, the subject responds if the current character displayed on the screen is the same as that previously displayed '2' characters back. This scheme is repeated incrementally for the '3' and '4' back steps.
The n-back was viewed on the video screen eyewear. The stimulus duration (the amount of time the character was displayed on the screen) was 1 s, and the interstimulus duration (the amount of time in between the display of any character) was 1 s [30] . Between each n-back level, there was a 10 s pause [30] . To prevent confusion, the video screen displayed which n-back level was next during this pause. A computer generated a random sequence of 29 capital letters, excluding vowels, for each n-back level. Only the 0-back sequences contained the letter 'O.' Each level of the n-back had its own individual, non-repetitive sequence, and for continuity, all subjects saw identical sequences in identical order. n-back levels were presented in sequential order (0-back, then 1-back, then 2-back, then 3-back and then 4-back). Subjects responded during each n-back task by pressing a switch placed in their dominant hand.
Protocol
Throughout the entire protocol, a script was read to all subjects to assure standardization of testing. Following instrumentation, all subjects lay supine on a tilt table and awake with their eyes open for 5 min to accommodate. Subjects then practised responding with the handheld switch to the beat of a metronome, and then rested for 5 min. Next, subjects underwent three nback task practice sessions with a 2 min rest between sessions. Subjects were allowed to ask questions during these practice sessions and were monitored to assess if they correctly understood the n-back task. Following successful completion of the n-back practice sessions, no more questions were allowed.
After completion, subjects lay supine and awake with their eyes open for 15 min. Baseline measurements were taken at the last 3 min. The subjects then completed an n-back task while supine. Following the task, the subjects were tilted to 15
• , 30
• , 45
• , 60
• and 75
• for 10 min at each angle. During each tilt angle, the first 1 min of data were excluded to allow for haemodynamic stabilization to occur. Minutes 2-4 of each tilt angle were taken as the baseline values for that angle. An n-back task was started at minute 4 of each tilt angle and completed. Subjects remained at each angle until the 10-min point was reached and were then tilted to the next angle. During head-up tilt, subjects were asked not to move, to breathe normally, to keep their eyes open and to remain awake. Subjects were instructed to speak if they felt ill, nauseated or presyncopal as a result of head-up tilt. Presyncope was defined as a fall in systolic blood pressure of 20 mmHg or a systolic blood pressure below 80 mmHg with signs and symptoms of orthostatic intolerance such as nausea, diaphoresis, pallor and/or headache. Each subject completed the full tilt unless they requested to be returned to the supine position, at which point the test was ended. If significant hypotension below 80 mmHg and/or bradycardia below 50 beats/min occurred, subjects were immediately lowered to the supine position and the test was ended. At the end of the tilt table testing, subjects returned to the supine position and remained still for 10 min.
Data analysis and statistics
For each n-back, the number of correct responses (C), missed responses and incorrect false responses (F) were recorded. Correct responses were defined as the subject appropriately responding to an n-back repeat. Missed responses were defined as a subject not responding to an n-back repeat when he/she should have. False responses were defined as a subject responding inappropriately when an n-back repeat was not presented. Absolute RT was calculated in milliseconds as the difference between the time the letter first appeared (t 0 ) on the video screen and the time the subject responded (t r ). Thus RT = t r − t 0 . For each level of the n-back, we report the mean RT. An nRT (normalized RT) was calculated as the mean absolute RT per total number of responses, or the mean time per response, and nRT = RT/(C + F). This took into account the number of times a subject responded.
Data were recorded continuously at 500 Hz. NCSS 2007 (LCC) statistical software was used. Demographic and WTAR were analysed using two-sided independent Student's t tests. Additionally, group survival throughout tilt testing was analysed using the Kaplan-Meier (Logrank) test. Then 95 % CIs (confidence intervals) were calculated using the log-transformation method because of the small sample size. Since each angle was maintained for the same length of time, the progressive change in angle was used as an index of time for the survival curve.
Data were analysed using a three-way ANOVA with Student-Newman-Keuls post-hoc tests to determine main effects and two-way interactions when appropriate. When the three-way interaction was significant, posthoc Student's t tests were used to determine differences only between groups [37] . In addition for the three-way interaction, standard errors used in the Student's t tests were calculated as the square root of the mean square of the error term divided by the number of subjects. These standard errors were more conservative and more suitable for multiple comparison testing [38] . Results are reported as means + − S.E.M. Significance was set at P < 0.05.
RESULTS
Demographics
The mean age (21 + − 1 compared with 23 + − 1 years), height (171 + − 2 compared with 167 + − 2 cm), weight (63 + − 3 compared with 66 + − 4 kg) and body mass index (21 + − 1 compared with 23 + − 1 kg/m 2 ) were not different between the CFS/POTS and control subjects respectively. Of the CFS/POTS patients, 14 were righthanded and two were left handed. A total of 18 control subjects were right-handed and two were left handed. The percentage of handedness between groups was not significantly different.
WTAR outcomes
As shown in Table 1 , WTAR scores between the CFS/POTS and control subjects were not significantly different. In addition, in Table 1 , the WTAR approximations of the WAIS III (Wechsler Adult Intelligence Scale III) and of the WMS III (Wechsler Memory Scale III) between the CFS/POTS and control subjects were not significantly different. Figure 1 shows the survival curves or the ability of subjects to complete each successive tilt angle, for CFS/POTS and control subjects individually, as well as a combined curve of both groups. All 16 CFS/POTS and 20 control subjects completed the 0
Subject dropout per angle
• and 15
• tilts. A total of 15 CFS/POTS and 20 control subjects completed the 30
• tilt. A total of 14 CFS/POTS and 18 control subjects completed the 45
• tilt. A total of 13 CFS/POTS and 15 control subjects completed the 60
• tilt. Seven CFS/POTS and 11 control subjects completed 75
• . Kaplan-Meiers analysis using the logrank test found that survival throughout tilt was not significantly different between groups.
Number of correct responses
As shown in Figure 2(A) , when evaluating the number of correct responses, the relationships between group and angle showed that the CFS/POTS subjects responded less correctly than controls at 45
• and 75 • (P < 0.05). Figure 2(B) shows that, in the two-way interaction between group and n-back, the CFS/POTS subjects responded less correctly than controls during the 1-, 2-, 3-and 4-back tests (P < 0.05). 
Figure 1 Survival analysis with 95 % CIs during graded tilt between CFS/POTS (black) and control (grey) subjects
(A) The survival curve for the CFS/POTS subjects shows that the greatest amount of subject dropout occurred at 60
• . (B) The survival curve for the control subjects shows that the greatest amount of subject dropout occurred at 60
• . (C) The survival curve comparing CFS/POTS and control subjects shows that there was no difference between groups (P = 0.91).
Analysis of the data as a function of group, angle and n-back found that CFS/POTS subjects responded less correctly than controls during the 15
• 4-back, the 30 
Number of missed responses
Figure 2(C) illustrates that CFS/POTS subjects missed significantly more responses than controls at 45
• (P < 0.05). We found that CFS/POTS subjects missed significantly more responses than controls during the 1-, 2-, 3-and 4-back (P < 0.05), as shown in Figure 2(D) .
Analysis of the data as a function of group, angle and n-back determined that CFS/POTS subjects also missed significantly more responses than controls during the 15 
Number of false responses
There were no significant effects of angle between groups (see Figure 2E ). Figure 2(F) shows that the number of false responses recorded for CFS/POTS subjects were significantly less than controls during the 3-back and 4-back (P < 0.05). Analysis of the data as a function of group, angle and n-back determined that CFS/POTS subjects responded falsely significantly less often than controls during the 0
• 3-back, the 30 • 3-back and 4-back and the 60
• 4-back (CFS/POTS compared with control, P < 0.05).
nRT
As shown in Figure 3(A) , CFS/POTS subjects had a greater nRT compared with controls at 45
• . Figure 3(B) shows that CFS/POTS subjects had a greater nRT than controls during the 1-, 2-, 3-and 4-back. When
Figure 3 nRT during graded tilt and the n-back tasks between CFS/POTS (black) and control (grey) subjects
(A) The analysis of group and angle showed that CFS/POTS had a greater nRT than controls at 45
The analysis between group and n-back showed that CFS/POTS had a greater nRT than controls during the 1-, 2-, 3-and 4-back. Values are means + − S.E.M. * P < 0.05, †P < 0.01 and ‡P < 0.001.
assessing group, angle and n-back, CFS/POTS subjects had significantly longer nRTs than controls during the 45 • 3-back and 4-back, the 60 • 3-back and 4-back, and the 75
• 2-back, 3-back and 4-back (P < 0.05). 
Figure 4 Physiological changes during graded tilt and the n-back tasks between CFS/POTS (black) and control (grey) subjects (A) MAP was not different between groups as angle increased. (B) MAP was not different between groups as the n-back difficulty level increased. (C) HR was high in
CFS/POTS subjects at all angles compared with control subjects. (D) HR was higher in CFS/POTS subjects at baseline and all n-back difficulty levels compared with control subjects. (E) The percentage change in CBFV was not different between groups as the angle increased. (F) The percent change in CBFV was not different between groups at baseline and as the n-back difficulty level increased. (G) Respiratory rate (Resp) was higher in CFS/POTS subjects at all angles compared with control subjects. (H) Respiratory rate was higher in CFS/POTS subjects at baseline and all levels of n-back difficulty. (I) ETCO 2 was lower in CFS/POTS subjects at 30
• ,
45
• compared with control subjects. ETCO 2 was lower in CFS/POTS subjects at the 3-and 4-back n-back difficulty levels compared with controls. Values are means + − S.E.M. * P < 0.05 and ‡P < 0.001.
Baseline cardiorespiratory measurements
As shown in Table 2 , CFS/POTS subjects had a significantly higher HR and respiratory rate than control subjects at baseline. MAP, ETCO 2 and CBFV were not different between the groups at baseline.
MAP
As shown in Figure 4 (A), when MAP was analysed as a function of tilt angle, there were no significant differences comparing CFS/POTS subjects with controls. Figure 4 (B) shows that, when MAP was analysed as a function of the n-back difficulty level, there were no differences between these two groups. In addition, there were no significant differences when the data were evaluated as a function of group, angle and n-back. Thus MAP was relatively maintained throughout tilt at all angles in both the CFS/POTS and control subjects and was not affected by the n-back testing.
HR
As shown in Figure 4 (C), as a function of tilt angle, CFS/POTS subjects had significantly higher HRs at 0, 15, 30, 45, 60 and 75 • (P < 0.05). Figure 4 (D) shows that CFS/POTS subjects had significantly higher HRs compared with controls during baseline, 0-, 1-, 2-, 3-and 4-back (P < 0.05).
Analysis of the data as a function of group, angle and n-back showed that CFS/POTS subjects had a higher HR than controls at all angles and all n-backs (P < 0.05). To determine whether the results of the three-way interaction was mainly due to the group differences at baseline, at each angle, or to the challenge of each nback trial, a separate post-hoc ANOVA analysis between groups compared the percentage change in HR during each angle's n-back trials to each angle's baseline. This showed that HR progressively increased as the tilt angle increased in both groups, while there were no differences in the group-n-back interaction. Thus, for CFS/POTS subjects against controls, higher HR at baseline and the change in angle appear to be the main factors influencing HR between the groups rather than the challenge of the n-back trials.
CBFV
As shown in Figure 4 (E), there were no significant differences between CBFV of the CFS/POTS and control subjects as a function of tilt angle. Figure 4(F) shows that there were no significant differences between groups comparing CBFV measured at different n-backs. No differences were found when the data were analysed as a function of group, angle and n-back.
Respiration rate
Figure 4(G) shows that CFS/POTS subjects had a significantly higher respiratory rate than controls at 0
• , 15
• and 75 • (P < 0.05). Figure 4 (H) demonstrates that CFS/POTS subjects had a higher respiratory rate than controls at baseline, 0-, 1-, 2-, 3-and 4-back (P < 0.05).
Analysis of the data as a function of group, angle and n-back showed that CFS/POTS subjects had a higher respiratory frequency than controls at 30
• during baseline and all n-backs (P < 0.05), 45
• during baseline and all n-backs (P < 0.05), 60
• during baseline and all nbacks (P < 0.001), and 75
• during baseline and all n-backs (P < 0.05). To determine whether the results of the three-way interactions was mainly due to the group differences at baseline, at each angle, or to the challenge of each n-back trial, a separate post-hoc ANOVA between groups compared the percentage change in respiratory frequency during each angle's n-back trials with each angle's baseline. We determined that the change in angle significantly affected respiratory rate. There was also a significant n-back effect showing that 2-, 3-and 4-back were greater than 0-and 1-back (P < 0.05 for both), but not different from each other. CFS/POTS subjects had a higher percentage change in respiratory frequency during n-back compared with baseline than controls at 0
• (all P < 0.05), and also had a higher percentage change in respiratory frequency during n-back compared with baseline than controls at 0-back (P < 0.05). Within-group analysis showed that both groups increased their respiratory rate at 4-back compared with 0-and 1-back (P < 0.05 for both). Thus the higher baseline respiratory rate and the change in angle appear to be the main factors influencing respiration between groups, but the increasing challenge of the nback trials is influential at the 4-back for both groups.
ETCO 2
As shown in Figure 4 (I), CFS/POTS subjects had a significantly lower ETCO 2 than controls at 30
• . Figure 4 (J), which shows the interaction between group and n-back, demonstrates that CFS/POTS subjects had significantly lower ETCO 2 than controls during the 3-and 4-back.
Analysis of the data as a function of group, angle and nback showed that CFS/POTS subjects had a significantly lower ETCO 2 than controls during 45
• baseline, 60
• 1-, 2-, 3-and 4-back, and the 75
• 4-back (P < 0.05).
DISCUSSION
Main findings
Our main finding was that the performance of CFS/POTS subjects worsened during the n-back task as orthostatic stress increased. The task performance of CFS/POTS subjects worsened further as the n-back difficulty increased, but only during imposition of an orthostatic challenge. In healthy controls, performance was not impaired. Therefore our study indicates, for the first time, that CFS/POTS subjects are neurocognitively impaired when exposed to orthostatic stress and difficult mental challenges. We also showed no CBFV differences between CFS/POTS subjects and controls and, therefore, could not associate altered CBFV with neurocognitive impairment.
CFS/POTS subjects have decreased accuracy and longer nRT during difficult tasks imposed on orthostatic stress
We measured the accuracy of each group's n-back responses. During the more difficult neurocognitive tasks associated with a 'higher' n-back, CFS/POTS subjects were less accurate than controls. Also, the higher levels of orthostatic stress worsened the ability of CFS/POTS subjects to respond accurately during cognitive challenges. Therefore CFS/POTS subjects have impaired working memory, concentration and executive functioning during difficult tasks and high levels of orthostatic stress. These changes were not due to pre-existing deficits in reading, intelligence or memory (see Table 1 ). Two-way analyses contrasted each group per angle and per n-back difficulty. These results show that CFS/POTS subjects are more susceptible to the adverse effects of combined mental and orthostatic stress than control subjects.
Complimentary to accuracy, RT assessed processing speed. Unexpectedly, absolute RT was not different between groups (results not shown), but nRT was. Adding the number of correct and false responses, CFS/POTS subjects did not respond as often as control subjects, and this created an analytical bias. When this was accounted for by nRT, group differences in response time became evident.
Comparing groups at each angle and n-back difficulty level, CFS/POTS subjects responded more slowly than controls. Moderate and severe orthostatic stress (45 • , 60
• ) negatively affected the nRT of CFS/POTS subjects (see Figure 3A) . In addition, as the difficulty of the n-back increased, the nRT of the CFS/POTS subjects progressively increased compared with controls (see Figure 3B) . This is the first study to also show that increasing orthostatic stress has a negative impact on processing speed in response to a difficult cognitive challenge in CFS/POTS subjects.
The present work supports the findings in the literature. Considering the results we obtained at 0
• , our CFS/POTS subjects responded similarly in accuracy and response time to the CFS subjects studied by Caseras et al. [31] . Furthermore, it has been reported previously that CFS subjects exhibit working memory deficits only during the most demanding tasks tested [15] , which is in accord with our finding that CFS/POTS subjects had deficits during the 4-back. Similarly, Vollmer-Conna et al. [39] showed that CFS subjects had decreased accuracy and a slower RT on performance tests. In contrast, DeLuca et al. [13] , using paced auditory serial addition task testing, did not find any accuracy deficits in CFS subjects compared with controls, yet found that CFS subjects had deficits in information processing speed [40, 41] . The disparity between their study and ours concerning accuracy may be due to the difference in the tests applied, but both studies support decreased processing speed in CFS/POTS subjects. A recent metaanalysis of several studies concluded that information processing speed, but not RT, is impaired in CFS subjects in accord with our findings on CFS/POTS subjects [42] .
CFS/POTS subjects respond falsely less often during orthostatic stress
Unexpectedly, CFS/POTS subjects responded falsely less often than controls (see Figures 2E and 2F) . Increasing orthostatic stress did not have an effect on this type of response because CFS/POTS subjects responded falsely less often than control subjects at 0
• (no orthostatic stress), at 30
• (mild orthostatic stress) and 60
• (moderate to high orthostatic stress); the main factor appeared to be n-back difficulty. At 0
• and 60
• , CFS/POTS subjects responded less falsely than controls during more difficult n-backs. The cause of CFS/POTS subjects responding falsely less often than controls may be that with increased difficulty, CFS/POTS subjects were cognitively impaired, attempted fewer responses, and thus had a smaller likelihood of responding falsely. Another possibility is that CFS/POTS subjects experienced neurocognitive impairment, 'mental fog', thus only responded when they believed they were correct.
CFS/POTS subjects do not have an increased incidence of presyncope
Graded tilt progressively increases the orthostatic challenge and provides prolonged stress that can lead to syncope. As the angle of tilt increases, the possibility of presyncope and subject dropout increases [43] . Survival analysis showed that CFS/POTS subjects and controls had similar subject dropout rates; thus, the incidence of presyncopal symptoms during graded tilt was similar between groups (see Figure 1) . CFS/POTS subjects do not faint more often than controls, consistent with other studies describing syncope in adolescent/young adult CFS and/or POTS patients [10, [44] [45] [46] [47] .
Physiological changes in CFS/POTS subjects during graded-tilt
At baseline, CFS/POTS subjects exhibited increased HR and respiratory rates, typical of this population due to decreased vagal tone at rest and/or cardiovascular deconditioning (see Table 2 ) [4, 7] . In addition, the increased HR may be directly related to the increased respiratory drive via sinus arrhythmia due to vagal modulation. For both groups during graded tilt, MAP was relatively maintained, HR increased, and CBFV and ETCO 2 decreased. For both groups, the cognitive challenge of the n-back did not produce significant physiological changes, except for increasing respiratory rate during the 3-and 4-backs. The higher HR in CFS/POTS subjects may be related to central hypovolaemia, decreased vagal tone, increased sympathetic activity or less effective reflex sympathetic influence on TPR (total peripheral resistance) [5, 7] . Similar MAP between groups is not surprising because POTS patients tend not to experience syncope in daily life, and the rate of presyncope in this study was similar between groups [47] . Maintenance of MAP suggests proper functioning of the arterial baroceptors reflex in CFS/POTS subjects. Increased respiratory rate throughout graded tilt in CFS/POTS subjects probably produced the decreased ETCO 2 compared with controls. The increased respiratory drive in CFS/POTS subjects is not fully understood. Respiratory changes in CFS/POTS subjects occur, as approximately 50 % become hypocapnic and hyperventilate during headup tilting; this may be related thoracic hypovolaemia, increased sympathetic activation, modulation of the peripheral chemoreceptors in response to hypoxia, and/or by higher CNS (central nervous system) influences [48, 49] . In both groups, the decrease in ETCO 2 can account for the decreased CBFV observed, since hypocapnia produces cerebrovascular vasoconstriction.
Neurocognitive impairment was not related to physiological changes or cerebral blood flow
Our hypothesis that neurocognitive impairment in CFS/POTS is related to CBFV was not supported by our results. We found no difference in CBFV between groups during any angle (see Figures 4E and 4F) , and found no significant correlation between CBFV and nback. We found no correlation between physiological variables and neurocognitive testing. This is at odds with our previous work, where we showed that POTS subjects had decreased CBFV compared with controls, but in that study subject selection criteria were different and a nonincremental tilt to 70
• was used [18] . The findings of the present study that CBFV was not different between groups during tilt is consistent with the work of Rowe and co-workers [29] . During cognitive challenge, changes in CBFV are small and, therefore, these changes may well be obscured by the effects of orthostatic stress [50] .
Thus the results of the present study give no clear indication of what causes the neurocognitive impairment frequently described by CFS/POTS subjects. We have, however, shown that high levels of orthostatic stress combined with cognitive challenges are directly associated with neurocognitive impairment, manifested by decreased accuracy and increased nRT. We also showed that changes in MAP and CBFV were not related to the induced neurocognitive impairment. In POTS, the characteristic tachycardia is thought to be due to central hypovolaemia and autonomic nervous system dysfunction [7] . Thus it is reasonable to speculate that these factors are also related to neurocognitive changes in CFS/POTS subjects, but future research is necessary to test whether any link is causal.
Limitations
Assessment of 'neurocognition' with one test is not possible. The n-back was chosen as an established way to assess working memory, attention, RT, information processing and increasing cognitive challenge rapidly and repeatedly over graded tilt because CFS/POTS subjects commonly described deficits in those areas [12, 13, 31] .
Graded tilt table testing is not the same as standing. Therefore, how neurocognitive processes are affected by orthostatic stress in CFS/POTS during daily life was not directly measured.
Transcranial Doppler sonography only measures blood flow through a particular cerebral blood vessel, but has good temporal accuracy. We chose the MCA because it is the main vessel that perfuses the area of the brain that the n-back test activates [30] . The spatial accuracy of transcranial Doppler is not large and was limited to the perfusion region of the MCA. Also, our measurements of CBFV are not equivalent to cerebral blood flow, but changes in both cerebral blood flow and CBFV have been found to highly correlate with each other [51] [52] [53] . Additionally, the work by Serrador et al. [54] supports the linear relationship between CBFV and cerebral blood flow because they showed that the diameter of the MCA does not change during orthostatic stress. Future studies should include determination of cerebral autoregulation and may use SPECT and MRI (magnetic resonance imaging)-based scans in combination with an orthostatic and cognitive stressor. These may inform on local and regional changes in cerebral blood flow that transcranial Doppler cannot detect. Since we only measured CBFV though the MCA, future work should include measurements of the basilar and anterior cerebral arteries as well.
The n-back levels were presented in sequential order in attempt to eliminate subject confusion as to which n-back level came next. An alternative study design would have been to present the n-back levels in random order. Thus there could have been a learning effect, but all participants were subject to similar conditions. In addition, since subjects may have completed the nback task up to six times (while supine and at each tilt angle), there was a chance for a learning effect to occur. If subjects learned how to successfully complete the nback through repetition, it would have been expected that subjects would improve their accuracy and RT with each successive trial. This was not the case in either control or CFS/POTS subjects. Thus, although the present study design may have imparted a learning effect on the results, this was not measurable.
Summary and practical significance
The present study is the first to show that increasing orthostatic stress impairs cognitive performance in CFS/POTS subjects. The present study may have a strong practical application to those with CFS/POTS. Our results show that CFS/POTS subjects do not have differences in intelligence, but rather experience cognitive impairment mainly due to the effect of orthostatic stress, especially during difficult tasks.
In addition, we show that the information processing speed of CFS/POTS subjects may be affected by standing, especially during difficult tasks. In school, CFS/POTS subjects may require more time during testing, and tasks to be done while standing will be more difficult.
During testing, an increased allotment of time may be beneficial to the performance of CFS/POTS subjects. Workplace arrangements that limit standing may improve performance for individuals with CFS/POTS.
Additional work is necessary to determine whether orthostatic stress and/or cognitive challenges have detrimental effects in CFS subjects without POTS or in POTS subjects without CFS. Although we would speculate that, in CFS subjects without POTS, cognitive challenges would correlate with decreased accuracy and RT, we are unsure about the effect of orthostatic stress on neurocognitive function in CFS subjects who are orthostatically tolerant. We would also assume that, in POTS subjects without CFS, increasing orthostatic stress would result in decreased accuracy and RT.
Overall, orthostatic stress impaired the cognitive abilities of CFS/POTS subjects compared with control subjects who were not affected. Changes in cerebral blood flow were not related to neurocognitive impairment. Future work is necessary to link physiological changes observed in CFS/POTS subjects with their cognitive deficits. 
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